In Salmonella dublin, rpoS encodes an alternative sigma factor of the RNA polymerase that activates a variety of stationary-phase-induced genes, including some virulence-associated genes. In this work, we studied the regulation and transcriptional organization of rpoS during growth. We found two transcripts, 2.3 and 1.6 kb in length, that represent the complete rpoS sequence. The 2.3-kb transcript is a polycistronic message that also includes the upstream nlpD gene. It is driven by a weak promoter with increasing activity when cells enter early stationary growth. The 1.6-kb message includes 566 bp upstream of the rpoS start codon. It is transcribed from a strong 70 RNA polymerase-dependent promoter which is independent of growth. The decay of this transcript decreases substantially in early stationary growth, resulting in a significant net increase in rpoS mRNA levels. These levels are approximately 10-fold higher than the levels of the 2.3-kb mRNA, indicating that the 1.6-kb message is mainly responsible for RpoS upregulation. In addition to the 2.3-and 1.6-kb transcripts, two smaller 1.0-and 0.4-kb RNA species are produced from the nlpD-rpoS locus. They do not allow translation of full-length RpoS; hence their significance for rpoS regulation remains unclear. We conclude that of four transcripts arising from the nlpD-rpoS locus, only one plays a significant role in rpoS expression in S. dublin. Its upregulation when cells enter stationary growth is due primarily to an increase in transcript stability.
Many bacteria adapt to changing growth conditions by using alternative sigma factors that mediate the expression of particular sets of genes. In enteric bacteria such as Escherichia coli and Salmonella, Shigella, and Yersinia spp., 70 is the housekeeping sigma factor responsible for the transcription from the majority of the promoters (13) . During transition to the stationary growth phase, RpoS is produced as an alternative sigma factor, also known as S or 38 (30, 31) . RpoS rapidly triggers the expression of a variety of genes which enhance the viability under various stress conditions (reviewed in references 14, 24, and 25) . In virulent, nontyphoid Salmonella, RpoS was also found to be responsible for the expression of the Salmonella plasmid virulence (spv) genes (6, 10, 12, 17) .
Most studies concerning the regulation of rpoS itself were carried out in E. coli, where the expression of rpoS is induced during the transition from exponential to stationary growth phase (22) . At least two promoters controlling rpoS transcription have been identified. The major promoter is located in the coding region of the nlpD gene upstream of rpoS, whereas the second promoter is upstream of the nlpD gene, resulting in a polycistronic transcript of nlpD and rpoS (20, 35) . Whereas transcription from the rpoS main promoter was found to be induced during transition to stationary phase, nlpD expression was not induced during growth (21, 22) . The cellular concentrations of RpoS are further controlled at the translational and posttranslational levels by mechanisms involving several protein factors (2, 4, 5, 28, 29, 36) as well as some nonprotein regulatory factors (15, 20, 22) .
In this study, we determined the DNA sequence upstream of rpoS in Salmonella dublin Lane and studied the regulation of rpoS expression throughout growth of batch cultures. Although the sequence including the corresponding nlpD gene was found to be very similar to that of E. coli, we identified some distinct differences between the two species in the control of rpoS expression. Northern and immunoblot analyses and mRNA decay assays revealed that the initiation of rpoS expression in the late exponential growth phase is due primarily to an increase in mRNA stability.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The strains used in this study are listed in Table 1 . S. dublin Lane is a clinical blood isolate which contains the virulence plasmid pSDL2. S. dublin LD842 is the pSDL2-cured avirulent derivative of S. dublin Lane (7). CC1002 and CC1003 are rpoS mutants of S. dublin Lane and LD842, respectively (6) . E. coli TB1 (2) and SK383 (37) were used for cloning and plasmid constructions. To transform S. dublin, plasmids were first passed through the restriction-deficient S. typhimurium LB5000 (9) .
Bacterial cultures were grown in Luria-Bertani (LB) broth. When required, appropriate antibiotics were added to the following final concentrations: penicillin G, 200 g/ml; chloramphenicol, 20 g/ml; and tetracycline 2 g/ml. To ensure that the bacteria were in exponential growth, overnight cultures were diluted 1:100 in fresh LB medium and incubated at 37°C with vigorously shaking (300 rpm). After 1 h, the cultures were diluted again 1:100. The growth of the bacterial cultures was monitored by measuring the optical density at 600 nm (OD 600 ).
DNA manipulations. Plasmid clone analysis, cleavage with restriction endonucleases, agarose gel electrophoresis, ligations, and transformations were performed according to standard methods (32) . For DNA sequencing, a T7 sequencing kit (Pharmacia) and [␣- 35 S]thio-dATP (Ͼ1,000 Ci/mmol; Amersham) were used. Sequencing of the complementary strand was performed to confirm all sequences.
Plasmids. The plasmids used in this study are listed in Table 1 . pBB4 is a pTrc99a (1) derivative which carries a 1,069-bp BclI-BspHI fragment containing the first 23 bp of the S. dublin rpoS coding region and the upstream region of the rpoS gene. pRSP70 is a pRS551-based (33) transcriptional fusion of a 389-bp RsaI fragment containing the putative rpoS promoter and the transcriptional start site with the lacZ gene. A 477-bp-long fragment containing the putative promoter, the translational start site, and the first 358 bp of the Salmonella nlpD gene was amplified by PCR using the primers 5Ј-TTTCCTGGTTATTCCGGT GG-3Ј and 5Ј-GTACTGCCACCCGTATAGC-3Ј. Cloning of this fragment into pRS551 resulted in the transcriptional fusion vector pRSNL.
RNA preparation and Northern blotting. Total RNA from samples of about 10 9 cells was isolated as described earlier (18, 23) . The RNA was precipitated overnight with ethanol, and the pellet was stored at Ϫ80°C until further use. Prior to electrophoresis the RNA pellet was dissolved in 5 l of 25 mM EDTA-0.1% sodium dodecyl sulfate, and 25 l of electrophoresis sample buffer (50% deionized formamide, 16% formaldehyde, and 7% glycerol in 20 mM MOPS-5 mM sodium acetate-1 mM EDTA) was added. The samples were normalized to equal amounts of total RNA. After heating for 15 min at 65°C, the samples were electrophoresed on horizontal denaturing formaldehyde-agarose gels and transferred to a Nytran N nylon membrane (Schleicher & Schuell). The probes were randomly labeled by using a Rediprime kit (Amersham). The membranes were manipulated according to the Rapid-hyb buffer protocol (Amersham).
Primer extension. The oligonucleotides used as primers were 5Ј-CTTTCAG CGTATTCTGAC-3Ј (complementary to the 5Ј end of the rpoS gene) and 5Ј-C CTGTTGTTCCCGGACCAGC-3Ј plus 5Ј-GTTGGTGCCGTTACAGGCG C-3Ј (complementary to regions 185 and 482 bp upstream of the rpoS start codon). From each primer, a fragment of approximately 300 bp was run on the gels. The primers (10 pmol) were labeled by using a 5Ј-end labeling kit (Amersham), precipitated, and resuspended in 4 l of sterile H 2 O. The RNA was resuspended in 4 l of sterile H 2 O and mixed with the labeled primers; 5ϫ annealing buffer (2 M NaCl, 5 mM PIPES [pH 7.0]) was added, and the mixture was heated to 100°C for 3 min, incubated for 5 min at 65°C, and then slowly cooled to 42°C; 40 l of 1.25ϫ avian myeloblastosis virus reverse transcriptase buffer containing 1 mM each deoxynucleoside triphosphate and 10 U of avian myeloblastosis virus reverse transcriptase was added, and the mixture was incubated for 1 h at 42°C. The reaction was stopped by addition of 5 l of 3 M sodium acetate (pH 6.0) and 150 l of cold ethanol; the pellet was washed and dissolved in 2 l of 0.1 M NaOH. Finally 4 l of formaldehyde stop and loading buffer (Pharmacia) was added, and the samples were loaded on 8% polyacrylamide-7 M urea or 6% Long Ranger-7 M urea (FMC Bioproducts) sequencing gels.
Determination of the rpoS mRNA half-life. Rifampin, a potent inhibitor of RNA synthesis, was added to a final concentration of 300 g per ml of cell culture. The cells were incubated at 37°C with vigorous shaking; after 3, 6, 9, and 12 min, samples of about 10 9 cells were taken and total RNA was prepared as described above. The samples were stored at Ϫ80°C until used for Northern blot analysis. The experiments were performed two to four times.
Protein analysis by immunoblotting. Specific polyclonal antibodies against S. dublin RpoS were kindly provided by A. El-Gedaily. The specificity of the antibodies was tested by immunoblot analysis of whole-cell extracts of the S. dublin rpoS mutant strain CC1002 as a control (8) . Western immunoblotting was performed as previously described (19) . Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10 to 15% polyacrylamide) and transferred electrophoretically to nitrocellulose membranes. The samples were standardized to equal amounts of total protein. All samples were prepared under reducing conditions. After transfer to nitrocellulose membranes, nonspecific antibody binding was blocked by incubation in 4% (wt/vol) dried milk in Tris-buffered saline (pH 7.5) containing 0.05% (vol/vol) Tween 20. The blots were probed with rabbit polyclonal antibodies against RpoS. Binding of the primary antibody was detected by using horseradish peroxidase-labeled secondary antibodies and enhanced chemiluminescence detection reagents (Amersham) followed by exposure to a radiographic film. The intensities of the protein bands were determined by densitometry (model GS-700 densitometer [Bio-Rad]; Molecular Analyst software). To construct the figures, the blots were scanned with Adobe Photoshop 3.0 software.
␤-Galactosidase activity. The standard procedure described by Miller (26) was used for quantitative measurements of ␤-galactosidase activity. Each experiment was performed at least three times on different days.
Nucleotide sequence accession number. The sequence determined has been deposited in the EMBL nucleotide sequence database under accession no. AJ006131.
RESULTS

Cellular content of RpoS during growth.
We first established that RpoS concentrations increase in S. dublin when bacteria enter stationary phase. S. dublin had been grown to different OD 600 values, and equal protein amounts of whole-cell extracts were analyzed by immunoblotting using specific anti-RpoS antibodies (Fig. 1A) . The course of RpoS expression was characterized by (i) a low initial baseline in early logarithmic growth until an OD 600 of 0.4, (ii) a sharp 10-fold rise between OD 600 of 0.4 and 0.5, (iii) a plateau until an OD 600 of 0.8, and (iv) a final approximately threefold rise at an OD 600 of 2.2. These data clearly confirm that RpoS synthesis in S. dublin is growth regulated and suggest that at least two events at OD 600 of approximately 0.4 to 0.5 and 0.8 to 2.2 result in significant increase of RpoS levels.
Determination of the rpoS upstream sequence in S. dublin Lane. The 1.5-kb upstream region of the rpoS coding region of S. dublin was sequenced and found to be very similar to the DNA sequence of E. coli that contained the nlpD gene. Sequence analysis revealed an 1,131-bp open reading frame oriented in the same direction as rpoS and an intergenic region of 350 bp. The deduced sequence of 377 amino acids revealed 88% identity to NlpD of E. coli. The signal sequence at the N terminus, the lipidation consensus sequence, and the 206 Cterminal amino acids of S. dublin and E. coli were conserved. Significant variations were found after the signal sequence between amino acid residues 62 and 93. In E. coli, this region has a high content of proline and glutamine arranged in characteristic repeats (16) . In S. dublin Lane, no significant repeats were detected, although the content of prolines and glutamines was comparable to that in the E. coli protein. Interestingly, the putative nlpD promoter region of S. dublin was substantially different from that of E. coli by the absence of a typical Ϫ10 2A) .
Mapping of the rpoS mRNA in S. dublin Lane. To analyze the rpoS mRNA, we extracted total RNA from S. dublin Lane that had been grown to early stationary phase. The RNA was separated by electrophoresis and blotted on a membrane, and the blots were probed with an rpoS-specific probe that encompassed the complete rpoS gene including the 350-bp upstream region that overlaps the 3Ј end of the nlpD gene. We identified four different bands with lengths of approximately 2.3, 1.6, 1.0, and 0.4 kb. To map these bands, we used four new probes corresponding to different regions of the rpoS mRNA (Fig. 3) . The signal of the 2.3-kb transcript was fairly weak. It was found to be a polycistronic message including nlpD and rpoS. The most intense signal was provided by the 1.6-kb band, which corresponded to the complete rpoS gene including a large upstream segment. The precise transcriptional start of this message was identified by primer extension at 566 bp upstream of the ATG start codon of rpoS (Fig. 2B) . The start site was at the same position as the start in E. coli and was preceded by a typical 70 RNA polymerase-dependent promoter consensus sequence (22, 35) . The remaining 1.0-and 0.4-kb bands encompassed only fragments of the rpoS main mRNA and do not allow translation of full-length RpoS. Thus, only the nlpD and rpoS promoters of the 2.3-and 1.6-kb mRNAs, respectively, control transcription of a complete rpoS message.
Cellular levels of rpoS mRNA during growth. To evaluate the role of rpoS transcription during the course of RpoS expression, we determined the amount of the specific rpoS mRNA along the growth curve. The mRNA from aliquots of approximately 10 9 cells at OD 600 of 0.2, 0.4, 0.5, 0.7, 0.8, and 2.2 was extracted, and the 2.3-and 1.6-kb rpoS bands were analyzed by densitometry. We found that the 1.6-and 2.3-kb messages followed the same course, with intensities at a stable ratio of approximately 10:1 throughout the growth cycle. This clearly indicated that the 1.6-kb transcript is mainly responsible for RpoS production. It was remarkable that even in early exponential growth significant amounts of rpoS mRNA were present (Fig. 1B) . Between an OD 600 of 0.4 and 0.5 we observed a significant (approximately threefold) increase. During continued growth the rpoS mRNA level decreased slightly, and in late stationary phase it had declined to about two-thirds of the maximum level. The distinct peak of mRNA at an OD 600 of 0.5 corresponds well with the cellular RpoS, indicating that at this growth stage the sharp increase of RpoS is basically the result of increased transcription. At an OD 600 of 2.2, however, the levels of rpoS mRNA and RpoS proteins diverge, indicating that at that stage, RpoS is regulated mainly translationally or posttranslationally.
Analysis of nlpD and rpoS promoter activity. Next, we analyzed the activities of the rpoS and nlpD promoters, which are responsible for generation of the 1.6-and 2.3-kb transcripts, respectively. The transcriptional lacZ fusion vectors pRSP70 and pRSNL, containing 389-and 477-bp fragments from the upstream regions of rpoS and nlpD, respectively, were transferred into S. dublin Lane, and ␤-galactosidase levels were determined at time points along the growth curve (Fig. 4) . The activity pattern of the nlpD promoter was found to be growth phase dependent. After a twofold increase at an OD 600 of 0.4 to 0.5, a gradual decrease during prolonged growth was observed. The ␤-galactosidase levels from the rpoS 1.6-kb tran- script promoter were approximately 5-to 10-fold higher and, in contrast to the 2.3-kb transcript, were found to be constant throughout the whole cycle. Even in the very early exponential phase, we found high levels of activity (approximately 20,000 Miller units) that remained constant until late stationary phase. This finding was verified by Northern blot analysis using a probe complementary to the lacZ mRNA (data not shown), confirming that the rate of transcription was not growth phase dependent. Whereas the nlpD promoter activity corresponds well with the 2.3-kb mRNA levels, there exists an obvious discrepancy between the activity of the rpoS promoter and the amount of 1.6-kb message, indicating that the cellular level of this transcript is posttranscriptionally regulated.
rpoS mRNA was stabilized during stationary phase. Since the transcriptional activity at the rpoS promoter was not upregulated at an OD 600 of 0.4, we postulated that the rise of rpoS mRNA was due to a decreased decay. To examine the stability of the rpoS mRNA during the growth curve, we determined the half-life of the mRNA at different growth phases. Rifampin, a potent inhibitor of RNA synthesis in bacterial cells, was added to cultures at OD 600 of 0.3, 0.8, and 2.3. Total RNA was prepared at different time points after rifampin addition and analyzed by quantitative Northern blot analysis (Fig. 5) . We found an approximately twofold increase in the stability of the rpoS mRNA between an OD 600 of 0.3 and 0.8, with half-lives of 2.5 and 4.5 min, respectively. At an OD 600 of 2.3, the half-life decreased to 3.5 min.
DISCUSSION
In this work, we studied the regulation of rpoS transcription in S. dublin. We identified four distinct rpoS-specific transcripts 2.3, 1.6, 1.0, and 0.4 kb in size that were mapped within the nlpD-rpoS locus. Only the 2.3-and 1.6-kb messages encompassed the complete rpoS gene. The 2.3-kb transcript was a polycistronic message that included nlpD upstream of rpoS, whereas the 1.6-kb transcript contained a 566-bp upstream segment in addition to rpoS. The smaller 1.0-and 0.4-kb RNA fragments did not allow generation of a complete RpoS protein. They align with a part of the rpoS coding region and the untranslated rpoS upstream region, respectively.
The finding of 2.3-and 1.6-kb messages that allow transcription of a full-length RpoS indicates that rpoS transcription in S. dublin is controlled by two different promoter regions. Both transcript levels peak substantially during late exponential growth at an OD 600 of 0.4 to 0.5 (Fig. 1B) . This upregulation is accompanied by a significant increase in cellular RpoS concentrations, indicating that the increase of rpoS-specific mRNA available for translation is the pivotal regulatory event at this point of growth. After the peak at OD 600 0.4 to 0.5, the mRNA levels of both 2.3-and 1.6-kb transcripts decreased continuously until late stationary phase. Although the courses of the net levels of the 2.3-and 1.6-kb mRNAs were very similar along the growth curve, we surprisingly found that the two promoters are regulated differently. Transcription from the promoter region upstream of nlpD was found to be growth regulated. In accordance with the course of the 2.3-kb mRNA, transcriptional activity increased about twofold during late exponential phase and then returned gradually to the baseline level (Fig. 4) . Growth dependence was corroborated by the observation that in an rpoS mutant growth regulation was abolished, and this suggested further the presence of a positive autoregulation. In contrast, the transcriptional rate from the rpoS promoter producing the 1.6-kb transcript was found to be growth independent. A high and constant promoter activity was measured throughout the growth cycle, consistent with the finding of a transcriptional start that is preceded by a typical 70 RNA polymerase-dependent promoter consensus sequence (Fig. 2B) . Hence, the significant increase of the 1.6-kb mRNA levels in late exponential phase can be explained only by posttranscriptional regulation. We found a substantial rise in mRNA stability that occurred together with the sharp rise of mRNA, increasing the mRNA half-life from 2.5 to 4.5 min. The molecular mechanism of this increased stability is not known. Possibly the unusually long untranslated upstream region of the 1.6-kb transcript plays a significant role; however, experimental evidence for this is lacking.
Although the nlpD-rpoS nucleotide sequences of E. coli and S. dublin are very closely related, we discovered significant (20, 21) , we found only a minor portion (10%) arising from the nlpD promoter in S. dublin (Fig. 1B) . This lower activity might be explained by the finding that the Ϫ10 region of one of the two nlpD promoters in E. coli was virtually absent in S. dublin. Second, the rpoS promoter responsible for the 1.6-kb main message showed high transcriptional activity even during early exponential growth. In contrast to E. coli (20) , no significant induction of the transcription rate was observed when the cells entered the stationary phase. Third, nlpD, which is known in E. coli to be a growth-independent regulated gene (21), was found to be induced significantly during transition into stationary growth in S. dublin. This might be due to the differences that we found in the sequence upstream of the translational start site. Fourth, the smaller 1.0-and 0.4-kb RNAs have not been described for E. coli. Their possible function for rpoS regulation in S. dublin remains unclear. It is conceivable that they represent stable degradation products of the 1.6-kb transcript from an endonucleolytic cleavage or are transcribed autonomously and function as regulatory RNA (27, 34) . Although E. coli and S. dublin are closely related species, they differ significantly in terms of pathogenicity and the ability to survive in specific hosts. Therefore, differences in regulation of rpoS expression are not unexpected, particularly since RpoS plays a significant role in the regulation of Salmonella virulence (6, 10, 12, 17) . Our study emphasizes that based on homologous DNA sequences alone, we must not anticipate that even closely related species have identical regulatory pathways.
